To reduce the environmental burden of agriculture, suitable methods to comprehend and assess the impact on natural resources are needed. One of the methods considered is the life cycle assessment (LCA) method, which was used to assess the environmental impacts of 18 grassland farms in three different farming intensities -intensive, extensified, and organic -in the Allgäu region in southern Germany. Extensified and organic compared with intensive farms could reduce negative effects in the abiotic impact categories of energy use, global warming potential (GWP) and ground water mainly by renouncing mineral nitrogen fertilizer. Energy consumption of intensive farms was 19.1 GJ ha −1 and 2.7 GJ t −1 milk, of extensified and organic farms 8.7 and 5.9 GJ ha −1 along with 1.3 and 1.2 GJ t −1 milk, respectively. Global warming potential was 9.4, 7.0 and 6.3 CO 2 -equivalents ha −1 and 1.3, 1.0 and 1.3 CO 2 -equivalents t −1 milk for the intensive, extensified and organic farms, respectively. Acidification calculated in SO 2 -equivalents was high, but the extensified (119 kg SO 2 ha −1 ) and the organic farms (107 kg SO 2 ha −1 ) emit a lower amount compared with the intensive farms (136 kg SO 2 ha −1 ). Eutrophication potential computed in PO 4 -equivalents was higher for intensive (54.2 kg PO 4 ha −1 ) compared with extensified (31.2 kg PO 4 ha −1 ) and organic farms (13.5 kg PO 4 ha −1 ). Farmgate balances for N (80.1, 31.4 and 31.1 kg ha −1 ) and P (5.3, 4.5 and −2.3 kg ha −1 ) for intensive, extensified and organic farms, respectively, indicate the different impacts on ground and surface water quality. Analysing the impact categories biodiversity, landscape image and animal husbandry, organic farms had clear advantages in the indicators number of grassland species, grazing cattle, layout of farmstead and herd management, but indices in these categories showed a wide range and are partly independent of the farming system.
Introduction
Because intensification of agricultural production processes has led to environmental burdens, discussions about sustainable farming are taking place. Agriculture today must be environmentally and ecologically sound and aligned with public values, e.g. positive landscape image and appropriate animal wel-fare. Converting conventional or intensive agriculture to organic and extensive farming addresses these concerns.
Efficient methods combining suitable indicators are needed to comprehend and assess agricultural impacts on the environment. Life cycle assessment (LCA) is a method to compile a complete inventory, to evaluate and to assess all relevant environmental impacts. Initially developed for assessing the environmental impact of industrial plants and production processes, LCAs in agriculture have been mainly carried out for single crops or production processes (Ceuterick, 1996 (Ceuterick, , 1998 Wegener Sleeswijk et al., 1996; Audsley et al., 1997) .
The central objective of this study was to use and adapt the LCA method for assessing all relevant environmental impacts on the whole farm level to compare different farming production systems. A process-LCA of 18 grassland farms in three different farming intensities -intensive, organic and extensified (farmed intensively before, but compared to international farming practice are still producing on a high intensity level) -was carried out in 1998 .
Materials and methods

Farming in the region
The investigation took place near the city of Kempten, in the Allgäu region, which is located southwest of the German state Bavaria. The area is part of a subalpine hilly region. It is a well-known region for recreation and vacations offering many possibilities for outdoor activities (e.g. hiking, swimming in lakes and skiing). Good climate (annual mean temperature is 6.9 • C and precipitation is 1274 mm) and soil conditions (FAO: Eutric Cambisols and Humic Fluvisols, both partly Gleyic but usually drained) promote an intensive use of the permanent grassland. Small dairy farms with an average size of 20 ha, 23 dairy cows and an average annual milk performance of 6060 kg per cow are predominant. Grassland is cut for indoor feeding, ensiling, grass drying or hay and grazed five times a year. After a pre-selection of 35 farms with local advisors, six representative farms for each of the three farming intensities (Table 1) according to the regional agri-environmental program of Bavaria were selected and analyzed in detail by practical investigation on the farms and a farmer questionnaire, as well as by consultations together with advisors and local experts (e.g. water authorities).
The questionnaire covered all basic agricultural production data about farm structure, main production processes in detail, performance, yield, quality, input and output massflow (e.g. fodder, straw, fertilizer, cattle, milk, diesel). Questions were answered by the farmers by interviewing them during an intensive farm visit of about 4 h, on which main farm buildings (particularly assessment of housing system and condition), layout of farmstead, equipment, machinery, and infrastructure in general were examined. In following visits starting at the beginning of May, 50-60% of the main and characteristic grassland areas of each farm were investigated for biodiversity and landscape image before first cut.
Methodology of life cycle assessment
The LCA method is internationally standardized (SETAC, 1993; ISO, 1997) but it needs to be specifically adapted for agriculture  Geier, 2000; . According to specific agri-environmental indicators (OECD, 1997; Rudloff et al., 1999 ) the impact on biodiversity, landscape image and animal welfare, topics that have high public awareness and are governed by the agri-environmental policies of the European Union have to be taken into account. Additionally site-specific and regional aspects (e.g. typical regional layout of the farmstead) were included in the framework ( Table 2 ). The amount of fossil energy used in direct (e.g. diesel, according to agricultural planning data; KTBL, 1994 KTBL, , 1997 and indirect (e.g. fertilizers) forms was calculated based on the consumption of primary energy factors for Germany (Patyk and Reinhardt, 1997) . Energy need for grass drying (per t DM) amounts to 100 kWh electricity and 3200 kWh of natural gas. Purchased fodder was calculated with 678.5 MJ t −1 fresh matter (average of the 18 analyzed farms) and purchased concentrates 2500 MJ t −1 . The assumptions of emitted climate relevant trace gases were based on the data from Crutzen et al. (1986) ; Boumann et al. (1991) ; Kirchgessner et al. (1991) ; Gibbs and Woodbury (1993); Heyer (1994) ; Patyk and Reinhardt (1997) ; Rück et al. (1997) and Mosier and Kroeze (1998) . The global warming potential (GWP) was computed according to the CO 2 -equivalent factors by IPCC (1996) for CO 2 : 1, CH 4 : 21 and N 2 O: 310, period of time 100 years. The emission of ammonia was assumed as 28% nitrogen of the stored and applied farmyard manure (BLBP, 1997a, p. 12) . To calculate the acidification potential of the different trace gases the SO 2 -equivalent factors for SO 2 : 1, NO x : 0.7 and NH 3 : 1.89 derived from Reinhardt (1997) and for calculating the eutrophication potential the PO 4 -equivalent factors for NO x : 0.13, N: 0.42 and P 3.06 derived from Heijungs et al. (1992, p. 87) were used.
The components of the farmgate balance for N and P were the input by mineral fertilizers, the purchase of fodder, straw and animals and the output of the sold milk, animals, silage and hay. N 2 -fixation was included in the farmgate N balance and assumed to be 30 kg N t −1 (DM) of white clover Trifolium repens L. after Weissbach (1997) . The total yield portion of white clover was assessed while investigating the number of species in the grassland areas. The potential nitrate leaching balance per ha was approximated by adding atmospheric deposition of 20 kg N ha −1 (BLBP, 1997b, p. 93) , deducting 28% ammonia losses of the excrement-N and denitrification losses (calcu- lated as two-times of the N 2 O-N emission) of the farm-gate balance surplus. Estimation schemes based on self-defined criteria and assumptions were used in the impact categories biodiversity (Table 3) , landscape image and animal husbandry. The scientific basis for the indicators of these impact categories were derived from the much more detailed but time-consuming methods by for biodiversity and for animal welfare by Sundrum et al. (1994) and Sundrum (1997) . Index 3 was defined as the estimated typical and characteristic average of all farms in the region, whereas the range was created by the random sample of the 18 analyzed farms.
Beyond the biotic elements the existence of fences was evaluated in the impact category of biodiversity (Table 3) , because they create small biotopes; plant species and fauna were detected, which in a permanent grassland region only exist underneath a fence. Landscape image in the Allgäu region is mainly influenced by agriculture. Diversity of grassland, especially flowering plants, as well as structured grassland areas through hedges and fences cause a pleasant impression for the people. Care and layout of the farmsteads, which are usually exposed single locations or groups of farms in the countryside, and the grazing cattle were evaluated as characteristic elements of the region in the landscape image category ( Table 2 ). The presence of the grazing cattle, and therefore the fences, depends on the length of the grazing period and typical look (breed, horned, cow bells). Alpine young cattle keeping in the summer time was estimated as a positive indicator, because it ensures the characteristic alpine mountain meadows in southern Germany.
The farmed area was the geographical coverage. Considerations were restricted to the year 1997; single or rare events (for example each 10 years) compared with other years were excluded. Most impacts were referenced to the LCA functional unit ha of farmed grassland. Some abiotic categories also were related to the produced units of milk (in kg) (see . The functional unit for the categories of biodiversity, landscape image and animal husbandry was the whole farm.
The impact on human-and eco-toxicity, accumulation of heavy metals and the consumption of mineral resources as a result of agriculture in the Allgäu region are low. Therefore, the methods used and results achieved in these categories are not presented. In case of no substantial deviation from the normal distribution and homogeneity of variance, the results for the abiotic impact categories were tested for significance using the PROC GLM procedure for the analysis of variance with a completely randomized design of three farming systems with six replications (farms) by using the SAS statistical package (SAS Institute Inc., Cary, NC, 1996) . Differences between the means (MSD) were analyzed using the Tukey test at the alpha 5% level.
Results and discussion
Resource consumption
Intensive farms consume a significant higher amount of fossil energy caused by the use of grass drying industrial plants and mineral N-fertilizer a Mean and range (in brackets) of farming system. Differences between the means (MSD) were tested using the Tukey test at the alpha 5% level indicated by different letters or as not significant (n.s.).
( Table 4 ). In contrast, organic farms need only one-third of area-related energy input and only half of the product-related energy that intensive farms need. Besides fuel and lubricants for grassland farming, additional energy was calculated to compute the total amount of fossil energy needed, used either for hay drying (electricity for ventilators, fuel oil for heating the ventilation air) or for grass drying in small local industrial plants, managed by farmers' cooperatives, producing grass pellets (electricity, natural gas and diesel). With both drying processes high fodder qualities for high performing dairy cows are achieved. Five intensive and only one extensified and organic farm perform grass drying.
Compared with the intensive farms a reduction of 55 and 69% area-related along with 52 and 56% product-related energy use for the extensified and organic farms, respectively, is realized. Because of lower fodder purchases the organic farms need less area-related energy compared with extensified farms.
Conventional farms in Germany use approximately 19.4 GJ ha −1 and organic farms around 6.8 GJ ha −1 (65% less, Haas et al., 1995) . For mixed farming in the Hamburg region conventional farms uses 16.3 GJ ha −1 and organic farms 6.8 GJ ha −1 (58% less, according . Although the methods and figures to quantify the energy used in these studies differ slightly, the energy use in the Allgäu region with permanent grassland farming is high compared with mainly arable farming in the Hamburg region and for German farms on average. The product-related energy use calculated by Cederberg and Mattsson (1998) for Swedish dairy farms is 2.85 and 2.4 GJ t −1 milk for conventional and organic farming, respectively, which is twice as much energy as the organic farms in the Allgäu region (1.2 GJ t −1 ) need, but different calculation methods were used.
Global warming potential
Differences in CO 2 -emissions are caused by these different uses of fossil energy. The CH 4 -and N 2 O-emissions are comparably low, but due to the high GWP of these trace gases their climate relevance is much higher ( Table 5 ). The area-related GWP decreases for intensive (9.4 t CO 2 ha −1 ), extensified (7.0 t CO 2 ha −1 ) and organic farms (6.3 t CO 2 ha −1 ), accordingly. For product-related energy use the extensified farms (1.0 t CO 2 ha −1 ) cause the significant lowest GWP, whereas intensified and organic farms (1.3 t CO 2 ha −1 ) have the same emissions. Lower CO 2 -and N 2 O-emissions of the organic farms are compensated by a higher emission of CH 4 per unit of produced milk because of lower milk performance.
Soil functions: eutrophication and acidification
In the Allgäu region eutrophication and acidification stress the forest and fen soils and their related ecosystems. Acidification is almost exclusively caused by ammonia emission from the cattle keeping (Table 6 ). Because of the lower stocking rate and a lower N-excretion (milk production is lower) the extensified (119 kg SO 2 ha −1 ) and especially the organic farms (107 kg SO 2 ha −1 ) emit a lower amount of ammonia compared with the intensive farms (136 kg SO 2 ha −1 ), although it is still too much for sensitive ecosystems in the region. Eutrophication potential computed in PO 4 -equivalents is mainly indicated by the N-and P-surplus (Table 6 ). It is significantly higher for intensive (54.2 kg PO 4 ha −1 ) compared with organic farms (13.5 kg PO 4 ha −1 ), extensified farms emit 31.2 kg PO 4 ha −1 .
Water quality: N-and P-balances
With farmyard manure (mainly slurry) an average of 144 kg N ha −1 is applied by intensive farms compared to 128 and 117 kg N ha −1 by extensified and organic farms, respectively (28% of ammonia losses are already extracted). Intensive farms use 68 kg N ha −1 of mineral fertilizer additionally. The average portion of white clover was 5.8, 10 and 15.5% for intensive, extensified and organic farms, respectively. a In kg ha −1 ; mean and range (in brackets) of farming system. b Differences between the means (MSD) were tested using the Tukey test at the alpha 5% level indicated by different letters or as not significant (n.s.).
c Calculated eutrophication potential for N and P are based on the farmgate balances for these elements (see Tables 7 and 8 ), but only positive N and P farm-balances were considered.
Farmgate balances for intensive farms result in average 80 and 31 kg N ha −1 for extensified and organic farms (Table 7) . Only as a rough calculated figure the nitrate leaching potential is 36 kg N ha −1 for intensive farms, whereas on average no nitrate leaching can be stated for the other farming intensities. In the Allgäu region the nitrate content in the ground water is generally low (around 10-25 mg nitrate l −1 ). The soil and subsoil conditions (humic) are considered to have a high denitrification potential.
The amount of total P-fertilizing is 34.6, 30.9 and 23.2 kg P ha −1 and P-farmgate balance is 5.3, 4.5 and −2.3 kg P ha −1 for the intensive, extensified and organic farms, respectively (Table 8) . In an intensive case study Pommer et al. (1997) and Neyer (1999) quantified a tolerable P-input into a lake in the region of about 0.41 kg P related to 1 ha farmed grassland in the catchment area, whereas the measured input was 1.6 kg P ha −1 , causing clear P-eutrophication, which is stated for several lakes with grassland farming in the catchment area in the Allgäu region. Besides the use of mineral P-fertilizer, the P-import of purchased fodder -straw and cattle, amount to 1 kg P ha −1 maximum -in intensive (8.2 kg P ha −1 ) and extensified farms (8.5 kg P ha −1 ) doubles significantly compared with the organic farms (3.8 kg P ha −1 ; Table 8 ), where additional purchase of fodder is limited. a In kg P ha −1 ; mean and range of farming system. Differences between the means (MSD) were tested using the Tukey test at the alpha 5% level indicated by different letters or as not significant (n.s.).
b P-farmgate balance: T 3 =A+B−C. c Values for the total amount of fertilizing only serve as an additional indicator that is not part of the farmgate balance.
Biodiversity
In general biodiversity of grassland species on all farms is low compared with results gained 30-40 years ago (Kohler et al., 1989; Abt, 1991; Schulz, 1992) . Currently the number of plant species in organic and extensified grassland is slightly higher (29.0 and 26.8 in average of all main fields per farm, respectively) compared with the intensively used permanent grassland (24.7), a result confirmed by Frieben and Köpke (1996) . One of the organic farms that converted only three years ago to organic agriculture has a very low number of species (23) (Table 9 ).
Landscape image
In the impact category of landscape image the extensified farms show the shortest and the organic farms, the longest grazing season. Only the five organic farms do not dehorn the calves. No differences for breed (i.e. share of Brown Swiss) and alpine cattle keeping were found between the farming intensities. Nevertheless, there were some differences between the farms. The more positive scoring of organic farms for the indicator farmstead (Table 9) could not be explained by aiming for an attractive farmstead for direct marketing. Although there was usually one farm in each farming system that was exemplary for at least one indicator in the landscape image impact category, organic farms on average show a higher scoring (Table 9) .
Animal husbandry
Animal housing systems also are slightly more positively scored in organic farms whereas herd management of the organic farms is clearly more positive compared to extensified and intensive farming (Table 9 ). In extensified farms grazing is strongly reduced or all year inside keeping and feeding is practised, which was negatively scored. More appropriate housing systems would result in a more positive scoring for all farming intensities.
Impact of farming systems
Compared with extensified or organic farms, intensive farms show negative environmental impacts in the impact categories of energy consumption, global warming potential, soil functions of other ecosystems (acidification), surface water (P-eutrophication), biodiversity and landscape image (Fig. 1) . Extensified and organic farms reduce these negative effects in the energy consumption, global warming potential and ground water impact categories, because they renounce mineral nitrogen fertilizer. The impact on animal husbandry of extensified farms is slightly more negative compared with the intensive farms. Because fodder production is not as high as by intensive farming, extensified farms try to compensate by intensifying other production processes (e.g. earliest first cut of grassland, shortest or no grazing season to avoid grazing losses from indoor feeding).
Organic farms have clear positive or comparatively fewer negative effects on surface water, biodiversity, Fig. 1 . Inventory (schematic) of selected impact categories and indicators of life cycle assessment of the farming systems intensive, extensified and organic in the Allgäu region. Netline outside (=100%, positive)/centre of net (=0%, negative): estimation indices=1/5; energy use=3.5/30 GJ ha −1 ; CO 2 -equivalents ha −1 =5.5/12 t; SO 2 -equivalents ha −1 =90/160 kg; farmgate surplus=20/120 kg N ha −1 (ground water) and −5/20 kg P ha −1 (surface water).
landscape image and animal husbandry. P-eutrophication of the lakes, diminishing biodiversity and character of the landscape are the central environmental problems in the region. The impact in these categories does not directly relate to the stocking rate or the use of mineral fertilizers. Organic agriculture shows inherent ecological advantages of the production system, which in most of the indicators were significant compared with intensive farming.
Conclusions
Using the process-LCA method differences among the agricultural production intensities according to their environmental impact were identified and comprehensively evaluated for their various effects on the environment. Therefore, LCA can be an important and efficient tool for ecological weak-point analyzes for farmers and advisors as well as for politicians creating agri-environmental programs . Efficient measures can be derived to establish an environmentally sound agricultural production system.
The study confirmed the suitability of LCA for comparing farms and farming systems, but further development of the LCA-methodology in agriculture is required. In the future the basis of evaluation should be reference data, limiting values, critical load limits or goals of environmental quality, if reliable data exist. The estimations made in the biotic and aesthetic subranges are more or less subjective, although the determined differentiation and order of rank can be reproduced. The definitions and classifications chosen need to be standardized. Experts and local people should achieve consensus if further LCAs on a broader base will be undertaken in the region. This is obvious for the criteria and evaluation in the impact category of landscape image. However, because several impact categories and indicators must be monitored, only pragmatic and resource efficient approaches can be used.
